Abstract The Pleistocene sedimentary conditions and the glacial contribution to net erosion were determined for the outer Bear Island Trough by using a Monte Carlo-type method. The approach uses ages for glacial/interglacial periods that were based on the regional ice-sheet volume curve. The results indicate that the western Barents Sea was glaciated during four marine isotope stages: MIS 16 (635.6-624.7 ka), MIS 12 (438.7-428.0 ka), MIS 6 (138.6-134.6 ka) and MIS 2 (19.3-16.0 ka) for a total duration of 29 ka. The first glacial event (before 440 ka, MIS 16) resulted in homogeneous erosion over the study area (with an erosion rate of 24.2 ± 8.5 mm/a). After 440 ka, a change in sedimentary conditions resulted in inhomogeneous erosion rates over the study area from -12.6 ± 1.6 (i.e. net deposition) to 1.6 ± 1.8 mm/a (i.e. net erosion). The most likely values of average deposition rates during interglacial periods were modelled as 0.12 ± 0.1 mm/a. In the outer Bear Island Trough the net erosion was found to be mainly the effect of tectonic uplift and subsequent erosion prior to the glacial ages. The results show that in most parts of the study area the Pleistocene glacial contribution to the total net erosion was small: the most likely glacial contribution in the eastern part of the area reaches 100 m, which is about 9 % of the total net erosion, while in the westernmost part the glaciations did not contribute to the net erosion.
Introduction
The history of erosion in the Barents Sea during the Cenozoic is complex, as it was caused by both tectonics and glacial processes [9, 12-14, 24, 54] . Tectonic uplift is normally attributed to plate reorganization in the Norwegian-Greenland Sea during the Cenozoic [12, 53] . Different ages and magnitudes of net erosion, defined as total erosion minus total deposition thickness, have been suggested for the Cenozoic [9] . The differences in these ranges are attributed to the indirect nature of the methods used for determination of the erosion timing as well as the complex and inhomogeneous uplift history in the western Barents Sea [12, 21] . In contrast, glacial erosion thickness estimates [16, 20, 34] are well constrained and show lower discrepancy. The glacial erosion thickness values were estimated based on measured volumes of glacial erosion products that were deposited on the outer shelf and continental slope areas. The glacial contribution to the net erosion can, however, also be controlled by on-shelf deposition that counteracts the process of glacial erosion. The amino acid dating of Saettem et al. [62] demonstrated that the outer shelf's Pleistocene sediments were deposited not only during the Last Glacial Maximum (LGM), but also during several cold and warm periods. Glacial and interglacial depositions are especially important in the outer shelf areas of the western Barents Sea, which experienced both extensive erosion and deposition during the Pleistocene [20, 34] . However, the on-shelf deposition rates have never been calculated, so the net erosion effect of glacial processes is not known.
In addition, definite ages of glacial and interglacial periods during the Pleistocene, and especially prior to the Saalian ([0.14 Ma) are uncertain [30, 40, 61] . The chronology based on ice-rafted debris (IRD) analysis lacks well-defined ages of the glacial periods and precise ice sheet limits. The presence of the ice sheet cannot be based on the 41 and 100 ka-long glacial-interglacial cycles either, because ice sheets were probably only present on the Barents Sea shelf for relatively short intervals [17, 61] . In addition, the approximations of the glacial ages may not be valid everywhere, such as in the deep areas close to the western shelf margin [36] , so that estimates can only be used locally.
The net Cenozoic erosion thickness in the western Barents Sea varies considerably depending on location; estimates range from 0 to more than 3 km, with a general increase towards the east and north [24] . It is, however, unclear which of the erosion mechanisms (tectonic or glacial) had the most important role in generating net erosion. The literature estimates of the ratio of glacial-totectonic erosion have been determined using different methods such as apatite fission-track modelling [48] , vitrinite reflectance [48, 49] , temperature data modelling [9, 14] and sediment volume calculations [12] . The estimates vary significantly and range from 2:1 to 1:2 [9, 12, 14, 48, 49] . The estimates do not normally account for regional variations. The lack of differentiation between tectonic and glacial erosion thus means it has not been possible to obtain a full understanding of it either.
This issue is addressed here in the outer Bear Island Trough (Bjørnøyrenna), western Barents Sea, which represents a transition area from dominantly erosive Barents Sea shelf to mostly depositional outer shelf and continental slope [18] . This paper evaluates the Pleistocene contribution to the net erosion [24] by calculating glacial erosion and deposition rates and thereby the sediment balance of the study area during the Pleistocene. The sediment budget calculations are performed by using a Monte Carlo-type simulation. The simulation input consists of Holocene interglacial deposition rates [27, 55] , average on-shelf erosion values [34] and glacigenic cover thickness obtained from wells (as reported by the Norwegian Petroleum Directorate, http://factpages.npd.no/). The advantage of the method is that it assesses local glacial sedimentary conditions which can be inhomogeneous over glaciated catchment areas [22] . The calculations use glacial/interglacial ages based on regional ice volume estimates of de Boer et al. [11] . These ages provide new estimates of erosion/deposition rates for much shorter timescales than was possible before, being based on the time periods when the ice sheet was actually present in the study area. The resulting values of glacial erosion can then be compared to the total net erosion estimates to understand the relative importance of glacial vs. tectonic processes in this area.
Study area and geological setting
The Barents Sea is a large epicontinental sea bounded to the north and west by passive continental margins developed during the Cenozoic opening of the NorwegianGreenland Sea and the Eurasia basin [19] . The Cenozoic rifting and related plate reorganization in the NorwegianGreenland Sea is often thought to have been the main mechanism causing uplift and erosion in the western Barents Sea [26] . The tectonic uplift and erosion occurred during the Eocene-Oligocene transition and during the Miocene-Pliocene [3, 21, 26] . The latter phase resulted in subaerial exposure of the Barents Sea until the Early Pleistocene (until *1.6 Ma in the Bear Island Trough, [7, 12, 31] ).
The southern Barents Sea is thought to have been repeatedly glaciated by the Eurasian ice sheet since about 1.0 Ma [30, 33] . Thanks to extensive research since the 1990s (described in detail by Ingólfsson and Landvik [25] ), the youngest glacial history has been reconstructed. Little is known about the glaciations prior to the Saalian. The Saalian glaciation ([140 ka) which occurred during Marine Isotope Stage 6 (MIS 6), covered the entire Barents Sea, reaching the edge of the western and northern Barents Sea shelf and depositing a regional till unit [61, 62] . During the Lower Weichselian (100-90 ka, MIS 5d) the northern and eastern parts of the Barents Sea were glaciated, leaving the south-southwestern part ice-free [61] . The Barents Sea ice sheet also reached the western and northern shelf breaks during the Middle Weichselian (70-65 ka, MIS 4). During the Late Weichselian (25-15 ka, MIS 2) the entire Barents Sea was covered by the ice sheet leaving a till unit over large shelf areas [39, 51] .
The Pleistocene glaciations lead to sediment redistribution and left a significant imprint on the Barents Sea geomorphology [1, 2, 5, 67] . At present, the seabed consists of shallow banks (100-200 m below sea level) and troughs down to 500 m below sea level, one of which is the Bear Island Trough. The sediments eroded from the Barents Sea shelf by glacial and earlier pro-glacial processes were deposited on the outer shelf and in the largest mouth fan in the Arctic-the Bear Island Trough Mouth Fan, which was developed at the mouth of the Bear Island Trough on the continental slope [34, 63] . The study area contains wells that are located at the proximal end of the fan (Fig. 1) .
On seismic profiles, the glacial deposits are separated from the underlying pre-glacial rocks by a prominent reflector-the upper regional unconformity (URU) [59] . Internally, deposits above the URU are bounded by several unconformities that act as seismic reflectors. The most prominent are reflectors R7, R5, and R1, which, together with the seafloor, separate sediment packages GI, GII and GIII [18] . The age of reflector R7 is dated at *2.7-2.3 Ma, R5 at *1.5 Ma [30, 45] and R1 at *700-440 ka [16, 33, 62] . Package GI is formed by sediments eroded from the Barents Sea region by fluvial and glaciofluvial processes [34] when the Barents Sea region was an unglaciated subaerial corridor between glaciated Svalbard and northern Scandinavia [7, 30] . The overlying sediment packages GII and GIII consist of sediments eroded from the Barents Sea shelf by glacial advances reaching the shelf break and deposited in the glaciomarine environments on the outer shelf and on the continental slope [7, 34, 36] . The identified packages were correlated with well data from well 7216/11-1S located in the outer shelf area providing a critical framework for the upper Cenozoic stratigraphy [30] .
Except for the outermost parts, only package GIII is present on the Barents Sea shelf. In the inner parts of the shelf sequence GIII consists of a thin veneer of the glacial deposits younger than 30 ka (see Fig. 1 , [62, 64] ). Further west, including in the study area, the sequence consists of a glacigenic succession deposited during several glacial and interglacial events [62] .
Despite the major uncertainty in pre-Saalian glacial extent, Faleide et al. [18] and Laberg et al. [34] pointed out some similarities in glaciation patterns during the deposition of packages GII and GIII (in this study these are taken to be from 1.5 to 0.44 Ma and 0.44 to 0.0 Ma, respectively). Glacial advances between 1.5 and 0.44 Ma are thought to have covered extensive areas of the entire Barents Sea shelf. Large-scale glacial erosion resulted in seabed sculpturing and development of the URU [18] . According to calculations of Laberg et al. [34] , 330-420 m of sediments were eroded during this time span. It is unknown how much glacial deposition occurred during this period in the study area, since no preserved on-shelf sediments exist, but a lack of deposits suggests net erosion in the study area and further to the east during that period. Since 440 ka, glaciations have been mostly confined to the ice stream areas including the Bear Island Trough. In contrast, between 440 ka and the present, the outer shelf area experienced net accumulation and shelf aggradation although erosional processes in the area lead to 440-530 m of erosion [1, 18, 34, 62] . The amount of actual deposition in the study area, being a transition between mostly erosive inner shelf and depositional outer shelf, is unknown and that issue is addressed here in this paper. The change in sedimentary conditions in the Middle Pleistocene might have been related to changes in glacial regime, sediment supply and differential subsidence [18] . The main erosion mechanism during the two periods (pre-and post-440 ka) was subglacial erosion [34] . Erosion during interglacials in the outer shelf areas is rather doubtful since evidence for deposition during some interglacials has been described [62] .
Methodology
The Pleistocene contribution to the net erosion was assessed in the western Barents Sea at the locations of eight exploration wells (see Fig. 1 ; Table 1 ).
Glacial contribution to the net erosion: Monte Carlo method
The contribution is calculated as a balance between total deposition and total erosion thickness. Deposition and erosion thicknesses are calculated for each glacial and interglacial period starting at 1.60 Ma (coinciding with the onset of marine-glaciomarine conditions in the study area, see ''Introduction'') and ending at the present day. The glacial/interglacial ages are based on inferred ages of glaciations using the method described below. The present-day Pleistocene-Holocene sediment thickness [T (m)] is a result of sediment deposition during both warm periods and glaciations, as well as of removal of sediments related to glacial erosion (Eq. 1). It is assumed that glacially driven erosion is the only erosion mechanism in the area and that there was no erosion during warm periods (see above). During glaciations, the net deposition thickness is calculated independently for the 1600-440 ka and 440-0 ka intervals because of different sedimentary conditions during the different periods (see above).
The equation for calculating thickness T is:
where D warmx,i = duration of ith warm period (ka), D glac,i = duration of ith glacial event (ka), DR warm = average deposition rate (mm/a) during warm periods, NDR glac = average net deposition rate (mm/a) during glacial events (the second subscript indicates the time interval), n = number of warm periods, and m = number of glacial periods (the numbers indicate the time interval). As part of the Monte Carlo approach, glacial net deposition prior to 440 ka and warm-period deposition rates (NDR glac,1600-440 ka , DR warm ) for each simulation run are selected randomly from predefined uniform distributions with a range based on literature values. No estimates are available for net deposition rate during cold periods after 440 ka (NDR glac,440-0 ka ); therefore, Eq. 1 cannot be solved uniquely. However, it is still possible to obtain some constraints on the sedimentary conditions by using a statistical method. For this a Monte Carlo simulation approach appears to be a suitable solution for assessing deposition rates during glaciations. Another advantage of the Monte Carlo method is that it provides a reasonable solution for testing wide distributions of initial/expected input parameters. Resulting parameter distributions include only those that produce output that falls within observed values [46] . The random input values are then used to calculate the Pleistocene-Holocene sediment thickness using Eq. 1. If calculated present-day thickness of the sediments matches measured values (from the boreholes), values of erosion and deposition rates for that run are considered as reflecting possible past sedimentary conditions. The difference between deposition and erosion thickness gives the value of glacial contribution to the net erosion. The approach was Thickness of the glacigenic deposits (Nordland Group). Information from NPD fact-pages (http://factpages. npd.no/) and Saettem et al. [62] designed for estimation of the glacial contribution to the net erosion in the study area shown in Fig. 1 . Because the glacial history of the outer Bear Island Trough differs from the other parts of the Barents Sea shelf (see ''Study area and geological setting'') the same criteria and simulation constraints (presented below) cannot be used in the wider Barents Sea area. In Monte Carlo simulations, a substantial number of runs is required to obtain meaningful results. In the present study, it was found that 10 million runs was a sufficient number for each well location, as the calculated glacial deposition rates changed by a fraction less than 0.01 if the number of runs was increased. From this total number, 19,000-24,000 were 'matching runs' where the simulated thickness is equal to the measured core thickness (the exact number depends on the location).
The calculations of the present-day sediment thickness do not include calculations of sediment compaction due to ice-sheet and sediment loading. The effect of the ice loading on compaction level is a complex topic governed by past subglacial meltwater flux [6] which is not known for the study area during the modelling time-span. The effect of the ice loading is therefore neglected in the study. The effect of the compaction due to sediment loading is also not considered in calculations because it only has a small influence. The compaction will not exceed 2 % when calculated using porosity-depth relations [56] using the sand-silt lithology of the Nordland Group [10] , and assuming the maximum thickness of Pleistocene-Holocene deposits was reached at the present day.
Ages and durations of glaciations
To be able to use Eq. (1), ages and durations of glacial and interglacial periods (D warm , D glac ) were calculated as the first step. The durations are also used for calculating the net deposition rates (negative values) from the erosion thickness estimates given in the literature. The net deposition rates are then also used as an input to the budget calculations.
The method to determine the ages used here is based on a regional ice volume model and local LGM retreat ages based on calibrated radiocarbon ages [66] . It is assumed that the repeated glaciations followed the same pattern, so that for each area the same total volume of ice was needed for the area to be reached during each glaciation. Thus glaciation times can be determined if the history of the glacial volume is known. Such an ice volume history was presented by de Boer et al. [11] and is shown in Fig. 2 . The model is primarily based on the LR04 benthic d
18 O record [42] . The ice sheet extent and volume are calibrated to the LGM data and to the sea level records [11] . The method uses the ice sheet volume values during the LGM retreat as threshold values for describing glaciations in a specific area. Times when the ice sheet volume exceeded the threshold volume are considered to represent glacial events, while during interglacials the ice sheet volume was smaller than the threshold volume. The times when the volumes are equal to the threshold volume indicate the onset and termination ages (and thus yield durations) of the individual warm and cold periods (see Fig. 2 ). For many areas, the age of the LGM retreat is reasonably well known from literature. By using these ages, it might be determined what ice volume is needed to reach the area based on the Eurasian ice sheet model of de Boer et al. [11] (Fig. 2) .
The accurate determination of sedimentary conditions depends on good time constraints, hence the method needs to be checked for its reliability. This check is performed here in two ways. The first is to compare glacial events reported in the literature for all marine isotope stages (MIS) since the first glaciation during the Pleistocene with this study's inferred glacial events. The second compares literature LGM glaciation onsets with the calculated onsets, i.e. older ages than the retreat ages used in the method and representing a different mechanism. The first check is not possible in the Barents Sea, because of a lack of data. Therefore, the test is performed in northeastern Poland. The Poland test-case (Szeszupa Depression, [15] ) was selected because the glacial history of the northeastern Poland is relatively well understood thanks to well preserved on-land deposits and correlation with evidence from Ukraine and Belarus ( [8, 41, 44] , see Fig. 3 ). In contrast to most areas in Europe, in Poland there is a relatively good understanding both of glaciations prior to MIS 12 and younger ones [8, 41] . The second check was performed in the study area-the western Barents Sea-as well as in the southeastern Barents Sea (borehole no. 142, northern Kanin Bank margin, [52] , see Fig. 1 ). Performing the additional check in the eastern Barents Sea also means a comparison can be made between the glacial histories of the southeastern and western Barents Sea since *1.0 Ma.
Input values and simulation constraints for the Monte Carlo simulations Information from wells
Values of the glacial cover thickness T were obtained from exploration wells (Fig. 1) as reported by the Norwegian Petroleum Directorate (http://factpages.npd.no/, Nordland Group thickness) and from literature (Saettem et al. [62] , Table 1 with all information). The thickness values have a 1 m precision. For this reason a deviation of ±0.5 m from reported values is accepted for the simulation runs to be considered as 'matching' the measured cover thickness.
Net deposition rates during glacial periods (NDR glac )
The net deposition rates during pre-440 ka glaciations (the unknown values NDR glac;1600À440 ka ) were constrained by using a combination of erosion estimates [34] and total duration of the glacial events prior to 440 ka.
The minimum value (-38.36 mm/a) of the initial distribution range for pre-440 ka glaciations was calculated by dividing the maximum value of glacial erosion for the time period 1600-440 ka (420 m) by the total duration of pre-440 ka glacial events. The maximum value was set as zero reflecting a hypothetical condition when the same amount of erosion is counteracted by the same amount of deposition (see ''Study area and geological setting''). The glacial erosion before 440 ka is believed to include erosion of pre-glacial rocks [34] . For this reason those Monte Carlo simulation runs that do not lead to erosion of pre-glacial deposits are filtered out even if the modelled present-day sedimentary cover thickness matches the observed data. Thus, the filtering is applied to input values related to the time before and after 440 ka, and the periods are treated equally. None of the input parameters resulting in 'non-matching' runs are stored nor considered in resulting distributions. The upper (5.5 mm/a) and lower (-15.5 mm/a) limits of post-440 ka glacial deposition rates (NDR glac;440À0 ka ) were found during the Monte Carlo simulations by rejecting non-matching runs. An initial range was set by trial and error to ensure it was larger than the final range.
Deposition rates during warm periods (DR warm )
The Holocene sedimentation rates from the southwestern Barents Sea were used as average sedimentation rates during the Pleistocene warm periods. No values were available at the locations of the cores used for the sedimentation calculations (see Table 1 ), so values were used from nearby cores which were drilled at comparable water depths and with a comparable lower shelf sedimentation regime (see Fig. 1 ). Pathirana et al. [50] evaluated the reliability of 137 Cs, 210 Pb and 14 C dating methods used for the assessment of Holocene sedimentation rates in the western Barents Sea. They calculated Holocene sediment thickness by using these dating results and compared calculations with a Holocene thickness map. They found that only 14 C dating produces matching thicknesses while the other methods show considerable misfit. Based on their results it was decided to use only sedimentation rates inferred from the cores which were dated using the 14 C method. The rates based on this method range from 0.04 to 0.20 mm/a ( Table 2 ). This range was used for the minimum and maximum values of warm-period-sedimentation rates for the entire modelling time-span.
Results

Ages of glaciations
The determination of the ages of the glaciations is shown graphically in Fig. 2 , where the horizontal lines are the Fig. 2 Eurasian ice sheet volume history curve [11] shown by the blue line, and the LGM deglaciation threshold values (black lines) used for determination of glacial events. An LGM deglaciation age = 16 ka was used for determination of glacial events in the western Barents Sea (the study area, [66] ), 14.9 ka in the eastern Barents Sea [52] , and 14.3 in northeastern Poland [15] volume thresholds for Poland (Dzier_ zek and Zreda [15] , deglaciation age 14.3 ka, highest line), the eastern Barents Sea (Polyak et al. [52] , deglaciation age 14.9 ka), and the western Barents Sea (Winsborrow et al. [66] , deglaciation age 16 ka, the lowest line). The start and end ages and the glaciation durations, found by determining the intersection of the threshold ice ages and the ice volume curve, are given in Fig. 2 and Table 3 . For the Poland test-case, the intersections show 12 glacial events during 11 marine isotope stages (see Fig. 3 for exact ages). For the eastern Barents Sea 9 glaciations during 8 marine isotope stages were found where 4 occurred before and 4 after 440 ka and one glaciation started before 440 ka and ended after 440 ka. The number of glaciations compares reasonably well albeit not completely with the results of Laberg and Vorren [36] . They postulated, based on seismic analysis of the depositional record of the Bear Island Trough Mouth Fan, that 8 glacial advances reached the western shelf break during the LateMiddle Pleistocene. Laberg and Vorren [36] mention, however, that during one marine isotope stage more than one ice-sheet advance can be expected. This was the case during MIS 5, when two major glaciations took place [40, 61] . For the western Barents Sea 4 glaciations were found, suggesting that of the 9 events in the southeastern Barents Sea, only 4 reached the shelf break in the western part during the last 1 Ma: one pre-440 ka glacial event and 3 post-440 ka events (Table 3 ). In the western Barents Sea, the total duration of glacial events was found to be short (28.8 ka) compared to the southeastern Barents Sea (127.2 ka): the total duration of glaciations in the southeast is approximately 100 ka longer than in the west. The glacial events that reached both areas lasted much longer in the southeast than in the west ( Table 3 ). The reason for this difference might be that the oceanic and climatic conditions favoured a thick and relatively stable ice sheet with its centre in the eastern Barents and Kara Seas like during the Weichselian [40, 51] . The western Barents Sea shelf on the other hand, was not near the ice centre, but at the ice margin, where relatively thin and unstable ice covered the area only during relatively short time-periods and not as often as in the east [36, 51, 55, 66] .
To check the reliability of the age determination in northeastern Poland, modelled glacial events can be compared with terrestrial evidence of glaciations during the [29] . Ages of marine isotope stages (MIS) are from Lisiecki and Raymo [42] same marine isotope stages. The descriptions from Marks [44] and Lindner et al. [41] show excellent correlation during the youngest marine isotope stages (from MIS 2 to MIS 16, Fig. 3 ). However, some of the older inferred glacial events are not supported by field observations (glaciations during MIS 18, MIS 20 and MIS 24). This difference is not necessarily caused by a method error but may rather be related to a lack of field evidence. The terrestrial indicators of pre-MIS 12 glaciations in northern Europe are limited [8] . This might be an effect of either evidence removal by later glaciations, or because the evidence has been misinterpreted or not discovered yet [8] . In fact, glaciations during marine isotope stages 18, 20 and 24 were identified in the North Sea Basin, Ireland, Britain, and Bay of Biscay [8] , so it is possible that such glaciations also occurred in northeastern Poland. Nonetheless, by looking only at those marine isotope stages for which glaciation evidence is certain in northeastern Poland, the method works well. In the Barents Sea, the reliability of the method can be checked by comparing LGM glaciation onsets as reported in the literature with modelled glacial onsets in the western and eastern Barents Sea. These onset ages are closest to the ages of the end of the last glaciations, so that a wrongly chosen LGM end age will result in incorrect onset ages. In this study, modelled glacial onset ages in the Barents Sea (19.3 ka in the western and 28.3 ka in the eastern Barents Sea) fit well with estimates of the LGM onset maximum age (26-36 ka, [66] ). In addition, data from the outer Bear Island Trough indicate an onset of the LGM glaciation after 21-22 ka [38, 39] supporting the modelled onset in the western Barents Sea.
A good fit of modelled glacial events with the literature events (the Poland test-case) as well as good correlation of the calculated LGM glaciation onset ages with the literature ages indicates that the method gives realistic results. Thus the method provides reasonable estimates of the glacial durations at least for the Middle-Late Pleistocene glaciations (the last 600-700 ka), so the ages found this way can be used with some confidence in the determination of the sedimentation conditions.
Sedimentary conditions
Although all input values in the Monte Carlo simulations are drawn from uniform distributions for the 1 million runs, the accepted input values that lead to the correct thicknesses follow different distributions, as shown in Fig. 4a-c . The output values (Fig. 4d ) also follow distributions that are not uniform.
Average deposition rates during warm periods
The input variables are deposition rate during warm periods, and net deposition rates during glacial periods before and after 440 ka. The mean values for deposition rate during warm periods are similar for all wells: 0.11-0.13 ± 0.05 mm/a (Table 4 ; Fig. 4a ). The distribution of the values shows, however, that the most likely values are at the lower end of the range, except for well 7220/5-1 (which has the thinnest Nordland Group deposits); in this well the most likely values are at the upper end of the input range.
Glacial deposition rates before 440 ka
The net deposition rates during glacial periods before 440 ka are negative ( Fig. 4b; Table 4 ), indicating net erosion for all wells. The most likely values lie between the lower end of the range and values slightly higher than the mean; (approximately between -38 and -18 mm/a); very few runs resulted in net glacial deposition rates at the higher end of the range. The mean values of the glacial net deposition rates after 440 ka in all wells are similar, with an average of -24.2 ± 8.5 mm/a. Fig. 3 Comparison between modelled glaciation events with terrestrial evidence [41, 44] in northeastern Poland. Ages of marine isotope stages (MIS) are from Lisiecki and Raymo [42] . The figure also shows ages of the modelled glacial events
Glacial deposition rates after 440 ka
The values of the final input variable, net deposition rates during glacial periods after 440 ka, show more or less the opposite trend of those before 440 ka ( Fig. 4c; Table 4 ): the most likely values lie at the upper end of the range, except for well 7220/5-1 (with the thinnest Nordland Group deposit). The mean, minimum and maximum values of net deposition decrease with decreasing Nordland Group deposit thickness, from 12.6 to -1.6 mm/a, i.e. from net deposition (six thickest deposits) to net erosion (two thinnest deposits).
Glacial contribution to the total net erosion
The glacial contributions to the total net erosion, the output of the calculations, are shown in Fig. 4d and Table 5 for all locations. Figure 4d shows that the most likely values are at the lower half of the range, with few runs resulting in very high net erosion values. The spread in the outcome as given by the standard deviation is comparable for all locations and is 90-94 m. The results in Table 5 and Fig. 4d show that Nordland Group thickness and glacial Pleistocene net erosion thickness are correlated: the thinner the deposit, the higher the minimum and maximum values of the glacial net erosion thickness. The mean value increases with decreasing deposit thickness from -139 ± 94 m for the thickest deposit, to 101 ± 90 m for the thinnest deposit. This correlation is very strong, with a correlation coefficient of 0.99. Because of this, net deposition (negative net erosion values) is most likely for the wells with the thickest deposits, while net erosion (positive net erosion values) is most likely for the wells with the thinnest deposits. When glacial erosion is larger than deposition during the glacial and interglacial periods, erosion of pre-glacial deposits (bedrock erosion) will take place. From the results obtained here, the amount of this erosion can be determined simply as the present-day thickness of glacigenic deposits plus the net glacial erosion.
Relationships between the sedimentological parameters
The results in Fig. 4 are shown as histograms, in which relations between variables are not included. Due to the restrictions included in the calculations (present-day thickness, erosion before 440 ka), not all variables are During the warm period before the first glaciation, some sediment was deposited, with the amount depending on the input value of the warm period deposition rate. In order to model net erosion of pre-glacial deposits, the glacial erosion thickness during the first glaciation must overcome the thickness of sediments deposited prior to the first glaciation. This cannot occur if glacial net erosion rates are low while warm-period deposition rates are high. Because of this, few runs have high net deposition rate before 440 ka, as can be seen in Fig. 4b . Another type of correlation is shown in Fig. 5b : deposition rates during warm periods and glacial net deposition rate after 440 ka show a strong negative correlation. The modelled present-day thickness of glacial deposits is controlled by the balance between deposition/erosion during post-440 ka glaciations and deposition during warm periods. Low warm-period deposition rates require high deposition rates during glaciations, otherwise a present-day cover would be modelled that is too thin, and vice versa for high warm-period deposition rates and low glacial deposition rates. This relation is reflected by the frequency distribution plots of warm-period deposition rate and net deposition rate after 440 ka (Fig. 4a, c) : a high number of (Fig. 5b) . The left part of the plot represents conditions that do not cause complete erosion of the sediments deposited between the first and the second glaciations and do not cause any net erosion of pre-glacial deposits. The values in the right part of the plot represent conditions that lead to erosion of the sediments deposited between the first and the second glaciations and cause net erosion of pre-glacial deposits, and therefore contribute to the net erosion. The pre-glacial erosion thickness due to the second glaciation (438.7-428.0 ka, see Table 3 ) reaches a maximum of 15 m in well 7220/5-1. Given the frequency distribution of warm-period deposition rates (Fig. 4a) , the values in the right side of the plot are more likely than the values in the left part. A similar type of correlation between variables is seen in Fig. 5c . The glacial contribution to the total net erosion and glacial net deposition rate before 440 ka are negatively correlated since almost all erosion of pre-glacial deposits occurs due to erosion during the first glaciation (little or no glacial erosion post-440 ka, see Fig. 4 ). The correlation is not as strong as the one in Fig. 5b due to the different warm-period deposition rates used in the calculations. The correlation is not as strong because it is also influenced by SRW: deposition during the warm period prior to the first glaciation reduces the contribution to net erosion.
Discussion
Glacial ages
The results in Fig. 3 show that the method for determining glacial ages works, but it is very sensitive to the choice of LGM retreat age: a small shift may sometimes lead to large changes in the number of inferred glaciations. The age determination method thus relies on good possibilities to constrain the number of glaciations, and may be difficult to apply in areas where such control is not available. In the western Barents Sea, the age of the LGM retreat can be reduced by a few hundred years to keep the same number of glaciations, although the durations would of course change. Such a change would be within the uncertainty of 10 2 -10 3 years derived from radiocarbon dating for the LGM ages [51, 66] , but the resulting age of the onset of the LGM (about 23 ka for a deglaciation age of 15.5 ka) would not fit the reported literature value of Landvik et al. [39] and Lambeck et al. [38] . The number of glaciations in the eastern Barents Sea is more sensitive to changes, as the A B C Fig. 5 Relationships between different input variables of simulation runs which result in a matching thickness of the present-day Pleistocene-Holocene cover in exploration well 7220/5-1. Each Monte Carlo simulation run is represented by one dot. a Average deposition rates during warm periods vs. net deposition rate during pre-440 ka glacial event, b average deposition rates during warm periods vs. average net deposition rates during post-440 ka glacial events, c net deposition rate during pre-440 ka glacial event vs glacial contribution to the net erosion. gl. glaciations threshold volume is on the edge of indicating extra glaciations, so that reducing or increasing the LGM age would change the number of inferred glaciations. Reducing the age by a few hundred years would result in up to four extra glacial events, while increasing the age would result in 3-4 fewer glaciations. One example of this strong influence is for a possible glaciation during MIS 4. Larsen et al. [40] suggested that the entire Barents Sea might have glaciated during this time. The results presented in this paper suggest this was not the case. Larsen et al. [40] based their hypothesis mainly on ice flow direction indicators, and shape of end-moraines from inland Russia that coincided with glaciation on Svalbard [43] . The hypothesis was also supported by ice-rafted debris (IRD) and meltwater signals [57, 60] and ice volume estimations [37] . This paper is partially based on the same type of data. However, based on the ice volume model of de Boer et al. [11] , a change of several hundreds to thousands of years of the LGM deglaciation age would be needed for the method used here to get a glaciation during MIS4. This would be outside the accuracy range of the evidence used to test the method, so such a glaciation is deemed unlikely. Overall, the results indicate that with this sensitivity, the results are quite reliable.
Glacial history
This study shows that during the Middle-Late Pleistocene the Barents Sea ice sheet reached the outer shelf for 3-11 % of the total 100 ka-long glacial cycles (the two most recent cycles). This fits with the time ratio (\10 %) of the shelf-edge glaciations (in relation to the 100 ka cycles) estimated for the Norwegian-Barents Sea shelves during the Weichselian [17, 47, 51] . In the eastern part, the ice sheet was generally found to be more stable, present for 13-39 % of the total glacial cycles. This ratio contains the range of 15-20 % estimated for the eastern Barents Sea during the Late Weichselian [51, 66] . Combining the timing of glaciations as found above with timings presented in the literature, a glacial history for different parts of the Barents Sea can be described as follows for the different marine isotope stages. The results in Table 3 indicate that the first major glaciations to reach the northern and southeastern part of the Barents Sea occurred during the Ionian and Calabrian stages during MIS 22 (872.6-870.6 ka), MIS 20 (798.9-793.3 ka) and MIS 18 (718.1-714.7 ka). The northern part was first reached by glaciations during MIS 20 according to the evidence given by Knies et al. [30] . The next cool periods (MIS 16, MIS 12) resulted in the first glaciations that probably covered the entire Barents Sea including the deepest parts of the Bear Island Trough (Table 3 ; [30] ). The following cool period (MIS 10, see Table 3 ) resulted in an ice cover which was restricted to the eastern part of the Barents Sea. During MIS 6 (Saalian) the entire Barents Sea is thought to have been glaciated again, which is confirmed by amino acid dating of a regional till unit [61, 62] , and the results in Table 3 fit well with this. A major glaciation covering the northern Barents and Kara seas was inferred by Knies et al. [28] , Spielhagen [60] and Larsen et al. [40] during the next isotope stage, MIS 5d. Finally, during the LGM (MIS 2) the ice sheet covered the entire Barents Sea, reaching the northern and western shelf edges and the western part of the Kara Sea (Table 3 ; [40, 51] ).
Sedimentary conditions during the Pleistocene
The Monte Carlo calculations give results for two different time periods (before and after 440 ka), and these two time periods show different characteristics. The glacial net deposition rate after 440 ka shows a negative correlation with the warm-period sedimentation rate, while there is little correlation of glacial net deposition rate before 440 ka and the warm-period sedimentation rate. This indicates that the older period is dominated by glacial behaviour, while the younger period is also influenced by warm period behaviour. The pre-440 ka period shows similar negative net glacial deposition rates (i.e. net erosion) at all the well locations (Fig. 4b) implying the entire study area was dominated by homogeneous glacial erosion. In contrast, the post-440 period shows mostly positive net deposition although values are different at the different well locations. This agrees with the work of Faleide et al. [18] and Laberg et al. [34] showing that prior to 440 ka the sedimentary conditions were mostly erosional over the western Barents Sea; while after 440 ka conditions were aggradational.
Glacial net erosion prior to 440 ka
The numerical values of the erosion and deposition rates can be compared with the values reported in the literature. They do not always agree in an obvious manner. The most likely average erosion rates inferred in this study (24.2 ± 8.5 mm/a) are about one order of magnitude higher than available rates estimated for Vestfjorden, offshore northern Scandinavia [35] and Svalbard [16] for similar durations (10 3 -10 4 a). The values range from 1 to about 2 mm/a. The difference is mainly attributed to different sizes of drainage areas. The Pleistocene drainage area in the Barents Sea (10 5 km 2 , [65] ) is about two to three orders of magnitude larger than drainage basins of Svalbard's glaciers (10 2 -10 3 ) and Vestfjorden (10 3 km 2 ). Rates of glacial erosion are thought to generally increase with size of drainage basins [23, 32] . Hallet et al. [23] showed that in extreme cases an increase of the source area by one order of magnitude might result in increase in effective erosion rate of about one order of magnitude. Another reason for discrepancy in the erosion rates might be due to difference in lithology of the underlying bedrock. For Svalbard and northern Scandinavia the glacial erosion affected mostly crystalline rocks while dominant lithologies subcropping the Pleistocene cover in the Barents Sea include sedimentary rocks from the Triassic to the Late Cenozoic [10, 58] . Moreover, it was shown here that some glacigenic deposition prior to 440 ka could have occured in the study area. The sediments comprise soft rocks deposited during warm periods and sediments reworked from the inner shelf by glacial transport. At present those deposits are preserved as unit GII outside the study area. They show high porosity (density is about 1.6 g/cm 3 ) and low compaction level [20] . The presence of easily erodible sediments in the study area might have led to higher effectiveness of the glacial erosion in the Early-Middle Pleistocene, thereby significantly increasing the erosion rates.
Glacial net deposition/erosion after 440 ka
Most of the Barents Sea shelf is covered by a thin glacigenic sedimentary unit deposited during the LGM and the Holocene [62, 64] . That unit thickens in the westernmost part of the shelf where it comprises sediments deposited during multiple episodes separated by regional unconformities possibly formed by glacial erosion [18, 62] . The main reason for the significant thickening of the succession of GIII and older glacial sequences towards the west is attributed to subsidence of the margin driven to some degree by the increased sedimentary loading [34] . Despite possible regional erosion events occurring during the Middle-Late Pleistocene, the most likely average values of net glacial deposition rates in the study area after 440 ka are positive (i.e. net deposition, Fig. 4c) , except for the two wells with the thinnest Nordland Group deposits (7220/5-1, 7220/8-1). Modelled net deposition might also be explained by pulses of increased deposition with relatively low erosion in that period. The deposition pulses could have occurred due to, for example reduction in the ice flow speed at the final stage of ice advances.
Most of the outer shelf area experienced a switch in sedimentary conditions from strong glacial net erosion before 440 ka (24.2 ± 8.5 mm/a) to glacial net deposition after 440 ka (0.8-12.6 ± 1.6 mm/a). The change in sedimentary conditions was not as significant for the two cores with the thinnest Nordland Group deposits. In those locations, glaciations both before and after 440 ka resulted in net erosion that ranges from 0.7 ± 1.6 to 1.6 ± 1.8 mm/a.
The glacial net deposition after 440 ka and significant deposition during warm periods (0.12 ± 0.1 mm/a) suggest the outer shelf glacigenic cover (unit GIII) consists of both glacial and interglacial deposits at the location of all the wells except for those with the thinnest deposit. The glacial net deposition rate after 440 ka increases with the glacial cover thickness, while deposition rate during warm periods remain more or less the same with increasing deposit thickness (see Fig. 4 ; Table 4 ). This means that thick parts of unit GIII were mostly formed by sediment transport during the post 440 ka glaciations. In the areas where GIII is relatively thin the deposition during warm periods was more important than deposition during glaciations.
For the two locations with the thinnest deposits, the most likely net glacial deposition values are (slightly) negative (i.e. net erosion), suggesting that at those sites the present-day cover consists of interglacial deposits only. Saettem et al. [62] found for dated cores located west of the studied area (a more distal part of the fan, more or less in the middle of the Bear Island Trough Mouth Fan), that the GIII unit was formed by both glacial and interglacial sediments. Although this is not the same area (the only overlap is well 7317/10-U-01), their findings fit with the overall settings of the studied area, where the most likely values of net glacial deposition rates after 440 ka are positive (i.e. net deposition), with corresponding low warm-period deposition rates (Figs. 4a, c, 5b) .
The determined values of glacial deposition rate are lower for the studied area than those given by Saettem et al. [62] , probably because this paper deals with average values for the time period covering all glaciations, while Saettem et al. [62] focuses on the LGM only. The well data of Saettem et al. [62] come from the youngest glacial deposits (unit G), which are \30 ka old. The thickness of this unit varies from 27 to 68 m. Assuming the LGM lasted for 3.3 ka in their study area, deposition rates during the LGM varies from 8 to 21 mm/a. The values found here in this paper range from slightly negative up to 13 mm/a. Table 5 and Fig. 4d show the distribution of glacial contribution to the total net erosion. All of the cores in the study area except for those with the thickest deposits (7218/11-1 and 7219/8-1S) show that there was most likely only a small contribution (2-9 %) of the glacial net erosion to the total net erosion (tectonic and glacial). The two wells with the thickest deposits experienced glacial net deposition, so the glacial processes did not contribute to the total net erosion.
Pleistocene contribution to net erosion
The volumes of sediments deposited in the Bear Island Trough Mouth Fan as a result of the Cenozoic erosion in the Barents Sea shelf comprise approximately 70 % glacial and 30 % pre-glacial sediments [4] . In the study area very high glacial erosion was balanced by high glacial deposition of the reworked sediments. Therefore, the interpreted net erosion in the western Barents Sea or at least the outer Bear Island Trough [24] is believed to be mainly an effect of tectonic processes. This small influence of glacial erosion might have resulted in low or even no isostatic response of the lithosphere (given the erosion is compensated by isostatic uplift of about 70 % as suggested by [54] ). The Cenozoic uplift is usually estimated as 1 to more than 2 km [21, 48] . The uplift that is inferred in the western Barents Sea [24, 48, 54] should therefore be linked to the mechanisms occurring prior to the Pleistocene glaciations, for example those related to opening of the Norwegian-Greenland Sea [26] . It might also be speculated that low glacial contribution to the net erosion is not a local phenomenon, but rather a regional trend continuing along the Barents Sea and Norwegian Continental margins. On the Norwegian Continental margin tectonic processes are also considered to be more important than glacial erosion for generating the Cenozoic uplift [22] .
The inner parts of the Barents Sea shelf were not subjected to as much sedimentation as the outer parts [18] . In the inner parts the glacigenic cover is very thin and mostly (or even entirely) represents the LGM deposits [62, 64] . It is therefore thought that a small glacial contribution to the net erosion is a phenomenon attributed only to the continental margin areas. In the inner parts glacial erosion played a much more important role in developing the net erosion. In such areas the literature ratios of glacial-totectonic erosion are higher than those presented for the western Barents Sea and vary from 33 to 66 % [9, 12, 14, 48] . Thus the relative contributions of glacial and tectonic processes in the Barents Sea varied considerably over the area, and such variation should be taken into account in regional reconstructions.
The results for the different wells indicate whether net erosion or net deposition is the most likely at that position. This allows a speculative boundary to be drawn between the two areas in the Barents Sea shelf that can be characterized by different Pleistocene net deposition/erosion (Fig. 1) . The boundary separates the thickest core (7218/ 11-1, showing Pleistocene net deposition within its uncertainty range) and the rest of the cores (showing either both positive and negative Pleistocene net deposition or negative net deposition within their uncertainty ranges). The boundary in Fig. 1 is drawn only in the Bear Island Trough, and follows the cover thickness trends shown in Vorren et al. [64] . The line shows where the transition is between the deepest, most distal and depositional parts of the fan, and the shallower more erosive parts of the fan. Due to the small number of wells used in this study, the boundary is speculative only. The boundary indicated in Fig. 1 can also not be extended to areas outside of the trough, where different depositional processes would have acted.
Conclusions
The glacial contribution to the total net erosion in the outer Bear Island Trough (Bjørnøyrenna), western Barents Sea was evaluated. In addition, the Pleistocene deposition and erosion rates were calculated and local glacial-interglacial ages were established. The sedimentary conditions, including the glacial contribution, were determined by using a Monte Carlo-type method where different values of deposition and erosion rates are tested. Calibration is performed by comparing the modelled glacigenic cover thickness with measured thickness. The glacial-interglacial ages were found by using an approach based on the regional ice-sheet volume curve.
• The new approach used for estimation of glacial event durations was proven to be valid, showing a good correlation with reference data. Major differences in glaciation ages between the western (outer Bear Island Trough) and eastern Barents Sea were shown to result in glacial events during four marine isotope stages in the western Barents Sea one of which occurred before 440 ka (635.6-624.7 ka, MIS 16) and three after 440 ka (438.7-428.0, 138.6-134.6, 19.3-16.0 ka, MIS 12, MIS 6 and MIS 2, respectively). In the eastern part of the Barents Sea the glaciations were inferred during eight marine isotope stages. In addition, it was found that the total duration of glacial events was much longer in the eastern part (127 ka) than in the western part (29 ka).
• The calculated net erosion rate for a pre-440 ka glacial event is rather high (24.2 ± 8.5 mm/a) and homogeneous in the study area. The sedimentary conditions in the outer shelf area changed significantly from erosional (pre-440 ka) to mostly aggradational conditions after 440 ka.
• During the shelf aggradation (after 440 ka), glacial net deposition rates were found to vary over the study area.
In the most eastern part of the area, at the very proximal end of the Bear Island Trough sedimentary wedge, the possible net deposition rates range from slightly negative (net erosion) to slightly positive values (net deposition). Further west, in the more distal part of the wedge the possible deposition rates are higher (reaching 12.6 ± 1.6 mm/a) and are comparable to those previously described for the LGM [62] .
• Average deposition rates during warm periods were rather homogenous in the Bear Island Trough. The most likely values were about 0.12 ± 0.05 mm/a.
• All of the wells except for those with the thickest deposits show that there was only a small contribution of the glacial net erosion to the total net erosion. In the outer Bear Island Trough, the most likely glacial contribution in this area reached 100 ± 90 m, which is about 9 % of the total net erosion. Therefore, the net erosion in the outer Bear Island Trough is believed to be mainly an effect of pre-Pleistocene tectonic processes. The two wells with the thickest deposits most likely experienced glacial net deposition, therefore not contributing to the total net erosion. The speculative boundary between the areas where the Pleistocene glaciations contributed, or did not contribute to the net erosion was established in the Bear Island Trough. The boundary is based on the basis of the glacigenic cover thickness trend and separates the core with the thickest Nordland group deposit (7218/11-1) and the rest of the cores. The Pleistocene contribution to the net erosion was found to be controlled by pre-440 ka glacial deposition rates and deposition rates during warm periods.
